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Epigenetic modification of chromatin has been proposed to translate environmental stimuli into per-
sistent ‘‘cellular memories.’’ Recent studies suggest that epigenetic pathways regulate long-term
behavioral adaptation in the nervous system. In this issue of Neuron, Renthal et al. utilize genetic
manipulations of HDAC5 to provide strong evidence for a role for histone acetylation in the behavioral
response to cocaine.The ability of neurons to form long-
termmodifications of synaptic function
in response to environmental stimuli
depends on de novo RNA transcrip-
tion. Recent work has addressed the
contribution of specific pathways,
leading to the identification of target
genes (e.g., BDNF, Wnt2) that directly
regulate synaptic plasticity. Neverthe-
less, activation of these genes in the
CNS shows spatial, temporal, and de-
velopmental specificity that cannot be
attributed solely to regulation by tran-
scription factors. Covalent epigenetic
modifications control accessibility of
chromatin to the core transcriptional
machinery and play an essential role
in determining the activation state of
genes (Li et al., 2007). Over 60 modifi-
cations of histones have been de-
scribed, and these include acetylation,
methylation, phosphorylation, ubiquiti-
nation, and sumoylation (for review see
Kouzarides, 2007). Direct methylation
of DNACpG residues also has aunique
role in gene silencing, imprinting, and
the formation of heterochromatin. Al-
though some histone modifications
regulate transcription, others regulate
DNA repair, condensation, and synthe-
sis. It is believed that histone modifi-
cations can regulate transcription by
directly modifying chromatin confor-
mation. However, recent studies sug-
gest a new paradigm, where histone
modifications serve to specifically re-
cruit or repel chromatin remodeling
complexes and transcriptional regula-
tors. It has been proposed that acety-
lated and methylated histone residues
function as a novel epigenetic surface
that is interpreted by a rapidly increas-ing family of ‘‘readers’’ (Jenuwein and
Allis, 2001).
Early evidence for a role for epige-
netic pathways in the brain came from
studies showing that the Rubinstein-
Taybi developmental disorders result
fromheterozygousmutations in thehis-
tone acetyltransferase and coactiva-
tor CREB-binding protein (CBP) (Petrij
et al., 1995). A number of additional
developmental disorders, including,
Rett syndrome, ICF, and ATR-X, have
been linked to epigenetic dysfunction.
In particular, histone acetylation is dy-
namically regulated by stimuli asso-
ciatedwith synaptic plasticity, learning,
circadian rhythmicity, depression, and
addiction (Tsankova et al., 2007). Inter-
estingly, mice with a heterozygousmu-
tation in CBP have deficits in memory
formation and long-term potenti-
ation that are ameliorated by treat-
ment with histone deacetylase inhibi-
tors (Alarcon et al., 2004). Additional
evidence linking histone acetylation
to plasticity came from experiments
showing that expressionof aCBPacet-
yltransferase mutant impaired gene-
expression-dependentmemory forma-
tion (Korzus et al., 2004). Nevertheless,
the pathways that mediate dynamic
changes in histone acetylation and the
molecular mechanisms by which acet-
ylation modulates neuronal plasticity
remain obscure.
In this issue ofNeuron, Renthal et al.
use mouse genetics and viral trans-
duction to implicate a specific histone
deacetylase, HDAC5, in cocaine and
stress-regulated behavioral adapta-
tion (Renthal et al., 2007). The authors
focused on HDAC5 because exposureNeuron 56, Noto cocaine regulated its nuclear export.
Expression of HDAC5, but not a de-
acetylase-deficient mutant, decreased
the behavioral response to cocaine re-
ward, and genetic deletion of HDAC5
enhanced the response to cocaine re-
ward. Remarkably, viral transduction
of HDAC5 into the nucleus accumbens
of HDAC5 knockout mice reversed the
cocaine phenotype. Nestler and col-
leagues also utilized microarray profil-
ing to identify the substanceP receptor
NK1R as a cocaine-regulated gene in
HDAC5 knockouts. Together, these
results strongly suggest that HDAC5
modulates the behavioral response to
cocaine by controlling the epigenetic
state of key effector genes.
Three distinct families of HDACs
have a conserved role in transcrip-
tional repression throughout eukary-
otic evolution. HDACs are typically
recruited to chromatin by cis-acting
corepressor complexes and contrib-
ute to transcriptional repression and
heterochromatic silencing by deacety-
lation of histone and protein substrates
(Kurdistani andGrunstein, 2003). In the
nervous system, recruitment ofHDACs
by REST-corepressor complexes reg-
ulates terminal differentiation of neu-
rons (Ballas et al., 2001). Pharmaco-
logical inhibition of HDACs has also
been shown to ameliorate neurode-
generation and enhance learning and
synaptic plasticity.
Synaptic activity can trigger rapid in-
creases in promoter histone acetyla-
tion, but the mechanisms by which
this occurs are not clear (Tsankova
et al., 2007). The rapid recruitment
of CBP to promoters in response tovember 8, 2007 ª2007 Elsevier Inc. 415
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lation represents one potential mecha-
nism (Impey et al., 2002). Interestingly,
in muscle cells, phosphorylation of
type II HDACs triggers their nuclear
export and increases histone acetyla-
tion of genes involved in muscle differ-
entiation (McKinsey and Olson, 2004).
In neurons, synaptic activity and CaM
kinase signaling also attenuate nuclear
localization of HDAC5 (Chawla et al.,
2003). Thus, phosphorylation of type II
HDACs represents another mechanism
for activity-induced histone acetylation.
A role for HDACs in addiction was
first hinted at by experiments showing
that viral expression of HDAC4 in the
nucleus accumbens markedly di-
minished a locomotory response to
chronic cocaine (Kumar et al., 2005).
Acute cocaine treatment induces tran-
sient increases in histone acetylation
at many immediate-early genes. Nes-
tler and colleagues showed that tran-
scription and promoter acetylation of
BDNF and Cdk5 were specifically in-
creased by chronic cocaine exposure.
In a related study, the reduction in
BDNF transcription and promoter
acetylation induced by social defeat
was reversed by the antidepressant
imipramine (Tsankova et al., 2006).
The effects of imipramine in this study
were also attenuated by viral transduc-
tion of HDAC5 into the nucleus accum-
bens. Interestingly,bothBDNFandCdk5
have been proposed to regulate behav-
ioral adaptation to drugs and/or stress.
These studies led Renthal et al. to
further explore the role of HDACs in
cocaine-regulated behavioral adapta-
tion. Repeated, but not acute, adminis-
tration of cocaine increased HDAC5
phosphorylation and nuclear export
in nucleus accumbens neurons. Viral
transduction of HDAC5 into the nu-
cleus accumbens attenuated the be-
havioral response to chronic cocaine
exposure. Importantly, expression of
a catalytically inactive mutant or a dis-
tinct type II HDAC had no effect on the
cocaine response. The modulation of
cocaine reward behavior by HDAC5
transduction was also attenuated by
administration of an HDAC inhibitor.
These experiments strongly suggest
that HDAC5 regulates cocaine reward
via its intrinsic deacetylase activity. Be-416 Neuron 56, November 8, 2007 ª200cause CBP can regulate transcription
independently of its acetyl-transferase
activity, the HDAC studies of Nestler
and colleagues provide some of the
best evidence linking dynamic regula-
tion of histone acetylation to adaptive
behavioral responses. Renthal et al.
next investigated whether HDAC5
knockout mice had deficits in cocaine
responsiveness. HDAC5 knockouts
showed hypersensitivity to cocaine
reward only following a chronic treat-
ment paradigm. Remarkably, the hy-
persensitivity to cocaine was com-
pletely rescued by re-expression of
HDAC5 in the nucleus accumbens.
These experiments suggest that the
behavioral phenotype was caused by
lossofHDAC5 rather thanapreexisting
developmental deficit.
Renthal et al. addressed the mecha-
nism by which HDAC5 modulates co-
caine reward through an exhaustive
and rigorous set of gene expression
microarray analyses. They identify 172
genes that are significantly upreg-
ulatedby cocaine inHDAC5knockouts
versus both cocaine-treated wild-type
animals and HDAC5 saline controls.
Importantly, Renthal et al. confirm
that mRNA levels and promoter
acetylation of a subset of these genes
is significantly increased. These genes
include regulators of ERK and D1 re-
ceptor signaling as well, potassium
channels, and the NR2A NMDA recep-
tor subunit. A major goal of current
research into epigenetic mechanisms
is the identification of biologically rele-
vant target genes. Renthal et al. have
not only identified a promising set
of candidate genes but they show
that one of these, the substance P
receptor NRK1R, regulates the behav-
ioral response to cocaine. Nestler and
colleagues show that NK1R mRNA
levels and promoter acetylation were
significantly upregulated in cocaine-
exposed knockouts versus cocaine-
treated wild-type mice. Interestingly,
substance P signaling has been pre-
viously implicated in dopamine signal-
ing and addictive responses. Systemic
administration of a selective NK1R
antagonist significantly decreased the
locomotory response to cocaine in
wild-type mice. These results support
a model where dynamic epigenetic7 Elsevier Inc.remodeling of theNK1Rpromoter con-
tributes to cocaine- and HDAC5-regu-
lated reward behavior. These experi-
ments raise additional questions. For
example, it is not knownwhetherNK1R
or other candidate genes are direct tar-
gets of HDAC5. The generation of an
HDAC5 antibody that can be used for
chromatin immunoprecipitation experi-
ments should address this question.
Another important question is whether
HDAC5 is recruited by a cis-acting fac-
tor or indirectly by a corepressor com-
plex? Inmuscle,HDAC5represses tran-
scription via its association with MEF2,
and phosphorylation triggers release
of this repression. It is tempting to spec-
ulate that similar mechanisms might
be operative in the CNS. Interestingly,
NK1R is regulated by the CREB-CBP
pathway in the spinal cord (Seybold
et al., 2003), suggesting that HDAC5
phosphorylationmight function cooper-
atively with coactivator complexes.
Additional challenges include further
characterization of the signaling path-
way(s) that regulates HDAC5 trans-
location and characterization of the
mechanisms by which HDAC5 (and
histone acetylation) regulate transcrip-
tion. Renthal et al. also provide evi-
dence that HDAC5 regulates behav-
ioral adaptation to chronic stress and
antidepressant treatment. This leads to
anunavoidable question: doesHDAC5-
mediated epigenetic remodeling play
a more general role in behavioral adap-
tation and use-dependent plasticity?
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The majority of our visual system is
devoted to the processing of visual
information from the fovea, a small
area on the retina of just a few degrees
in diameter. This heavy bias in dedi-
cated neural resources allows us to
identify objects within this region in
great detail. To compensate for the
low resolution outside of this region,
our brains house a complex network
of cortical and subcortical areas that
allow us to keep an object of interest
on the fovea or to move the fovea to
a new, potentially interesting object
with a rapid saccadic eye movement.
However, as we all know from daily
experience, we can also shift our at-
tention to the periphery of our visual
field while keeping our eyes still. The
‘‘premotor theory of attention’’ pro-
poses that covert shits of attention
involve the same brain areas that
move the eyes and that a covert shiftMcKinsey, T.A., and Olson, E.N. (2004). Novar-
tis Found. Symp. 259, 132–141.
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of attention corresponds to the prepa-
ration of a latent saccade (Rizzolatti
et al., 1987). Support for this theory
has come from functional brain imag-
ing studies that have shown similar
activated brain areas for covert shifts
of spatial attention and saccade gen-
eration (Corbetta et al., 1998). One of
the most prominent areas that is acti-
vated by both processes is the FEF
(Bruce et al., 2004).
Although functional imaging studies
have suggested that the attentional
and saccade generation functions are
identical in FEF, single-neuron record-
ings in monkey FEF have demon-
strated that these two functions are
associated with activity in different
neural populations. In a seminal study,
Sato and Schall recorded from FEF
neurons while monkeys were pre-
sented with a rectangle and several
distractors in the periphery (Sato and
Neuron 56, NSeybold, V.S., McCarson, K.E., Mermelstein,
P.G., Groth, R.D., and Abrahams, L.G. (2003).
J. Neurosci. 23, 1816–1824.
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e generation of saccade motor
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osition illusion induced by visual
dulate the deployment of spatial
Schall, 2003). The rectangle’s orienta-
tion provided the instruction whether
to look toward it or to make an antisac-
cade away from it to the opposite side.
Sato and Schall were able to separate
FEF neurons into two types. Type I
initially indicated the location of the
rectangle, and in most cases, later in-
dicated the target for the antisaccade,
whereas type II neurons only signaled
the target location for the antisaccade.
Sato and Schall suggested that type I
neurons form part of an attentional
saliency map that signals the location
of relevant stimuli, whereas type II
neurons code the motor command for
the saccade. This functional distinction
was also supported by the close rela-
tionship between the neural activity of
type II neurons and saccadic reaction
times, which was absent for type I
neurons. Interestingly, this separation
into type I and type II neurons did not
ovember 8, 2007 ª2007 Elsevier Inc. 417
